In a sample of 37 species of deep-sea fish species from the sea floor of the Porcupine Seabight and the Gobal spur (North Atlantic) we investigated the overall structure of the retina with special respect for the organization of rods, their length and their arrangement in multiple banks. Using an immunocytochemical marker for cell proliferation (PCNA) we studied the mechanisms of rod proliferation, and, by means of serial section reconstruction followed their integration into the existing population of rods. Furthermore, in three different species we have observed growth related changes in retinal thickness, rod density and proliferation activity. We found evidence for two different principles for the organization of rods in these deep-sea fish retinae. In the first group of species represented by Nematonurus armatus and Coryphaenoides guentheri we found rods to be rather short (20--30 p m) and arranged in three and more banks. In these species rod proliferation occurred in a single band of cells immediately vitread of the external limiting membrane, thus showing a high degree of spatial and temporal order. In these species, young rods are inserted just sclerad of the external limiting membrane and the older outer segments pushed away from the incoming fight towards the back of the eye. This may be linked to a progressive loss of function of the older rods and might represent an alternative mechanism to the disk shedding in other vertebrates. In the second population (e.g. Conocara macroptcra, Alepocephalus agassizii) we observed considerably longer rod outer segments (60-80 t~m) forming no more than two layers. These retinae had rod precursors arranged in disseminated clusters throughout the outer nuclear layer indicating the lack of clear spatio-temporal order in mitotic activity along with a more statistical pattern of integration of the newly formed outer segments. In our sample of species both populations were of about equal size suggesting that the two mechanisms are equally effective and may have arisen independently.
INTRODUCTION
The photic environment of the deep-sea is characterized by the total absence of perceivable sunlight at depths greater than 1000 m (Den~ton, 1990) and by bioluminescence as the only source of light. This is exploited by many species of fish for visual communication as can be inferred from the fact that they are endowed with large eyes sometimes even associated with specializations such as sockets or conspicuous stalks (Beebe, 1935; Marshall, 1979) . Other species have reduced eyes and seemed to rely on alternative sensory systems. However, for those making use of vision, there is the major problem of coping with the markedly low levels of light intensity emitted by bioluminescent organisms. Consequently a number of adaptive features have been observed which enable the retinae to function effectively under these *Anatomisches Institut der Eberhard-Karls-Universit~it, 0sterbergstr.
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conditions (for review see Locket, 1977; Munk, 1966) . Most important among these are mechanisms to optimize quantum catch, thus enhancing sensitivity. This is achieved mainly by two strategies: Firstly, the absorption maximum of the visual pigment(s) is tuned to the emission spectra of the bioluminescent partners (Crescitelli, 1972; Lythgoe, 1966; Partridge, Shand, Archer, Lythgoe & van Groningen-Luyben, 1989 ) and secondly, the amount of visual pigment is maximized by increasing the number and/or the size of photoreceptors, which is often achieved by enhancing the width of the photoreceptor layer, and reducing the width of the other retinal layers (Munk, 1966; Locket, 1977) .
In many species of deep-sea fish, rods are the only types of photoreceptor. They are often arranged in multiple banks, the number of which has been observed to increase with age (Locket, 1980) . This differs significantly from the situation in surface dwelling fish exposed to sunlight, in which most often rods and cones coexist in the retina. As a general rule, in all fishes, the eyes as a whole as well as the retinae grow throughout life. This is achieved by a peripheral proliferation zone where new 1800 ELEONORE FROHLICH et al. material is added at the ora serrata. Furthermore, the density of retinal cells except for rods in the centre of the retina decreases indicating that stretching of the retina also contributes to the growth process (Johns, 1977; Johns & Fernald, 1981; Negishi, Teranishi & Kato, 1982) . On the other hand, the density of rods remains constant in surface fishes, due to an additional interstitial proliferation of rod precursors throughout the retina, once the larval stage is passed (Johns, 1977; Johns & Fernald, 1981) . In deep-sea fishes, the increase in the number of banks of rods would suggest that the density of rods not only remains constant but even increases with age, and that, therefore, the proliferation activity is more intense than in surface-living fishes. However, to date, no data are available concerning the rate or the mechanism(s) of rod proliferation in these species.
In the present investigation, we studied the general retinal morphology as well as mechanisms of rod proliferation in a large sample of demersal, i.e. bottomliving deep-sea fish species. Virtually nothing is known about the visual system of fishes inhabiting the sea floor at depths below 1000 m. For the observation of rod proliferation we used as a marker an antiserum against a DNA polymerase delta cofactor (PCNA, proliferating cell nuclear antigen) which is synthesized predominantly during the S-phase of the cell cycle (Miyachi, Fritzler & Tan, 1978; Takasaki, Deng & Tan, 1981) and can be localized by immunocytochemistry. The patterns of proliferating cells were related to the morphology of rods and the organization of the layer of outer segments. In three of the most abundant species (i.e. two "rattail" species of the macrourid family: Nematonurus armatus, Coryphaenoides guentheri and the deep-sea eel Synaphobranchus kaupi), we had enough specimens of different body lengths to allow a study of changes in photoreceptor density, and the rate of rod proliferation during growth.
The mode of integration of newly formed rods into the existing population of inner and outer segments is of particular interest since it has been argued that not all of the rods within a multiple bank retina may be functional. In electrophysiological recordings from the conger eel retina, which has several tiers of rods in addition to cones, Shapley and Gordon (1980) found evidence to suggest that only the most proximal layer of rods contributed to the ERG. This interpretation would suppose that newly formed rod outer segments (ROS) are preferably positioned next to the external limiting membrane and that older rods are pushed progressively towards Bruch's membrane during which process they cease to function. In this way, the youngest rods would be positioned next to the incoming light and thus be in an optimal position for quantum catch. If this were not the case, older and younger rods would be mixed with no obvious spatial basis for differential functioning. We have tested these two hypotheses by serial section reconstruction of the myoid region of newly formed rods.
MATERIALS AND METHODS
Fish were collected during cruise 94 of RRS Challenger to the Porcupine Seabight and Goban Spur area (north-eastern Atlantic, 51 °20.7'49°24. I'N; 11°24.8'-15°11.0'W) and caught using a semi-balloon otter trawl [OTSB14 (Merrett & Marshall, 1981) ] at depths ranging from about 480-4110 m. A list of the total of 37 species studied is given in Table 1 . In addition, the retina of a fresh-water teleost (Aequidens pulcher) taken from our tank system was studied as control.
Immediately after recovery of the catch, the marine fish were identified (with the expert help of N. Merrett, The Natural History Museum, London) and their total length determined. They were prepared in the boat's own laboratory. Most of the fish were moribund, or had died during the towing of the net (2-5 hr). Eyes were enucleated, and eyecups or isolated retinae prepared under ambient illumination. As a rule, the left eye was processed for light microscopic immunocytochemistry, and the right eye prepared for electron microscopy. For light microscopy, tissue was fixed in 0.1 M phosphate buffer with 4% paraformaldehye, 3% sucrose for 2-10 hr at 4 deg C, rinsed in buffer for 12-24 hr, transferred to 30% sucrose in 0.1 M phosphate buffer pH 7.4 overnight and stored at -80 deg C. For investigations of retinal fine structure, tissue was fixed in 2.5% glutaraldehyde, 2% osmium tetroxide and stained en-block with uranyl acetate. Retinae were dehydrated and embedded in Epon. 1 ~tm sections were stained with Azur II/methylene blue (Richardson, Jarett & Finke, 1960) .
Measurements of retinal thickness, rod outer segment length and rod density
Unless stated otherwise, these data were obtained from 1/~m sections. In general, one or two specimens of every species or size had been fixed; therefore no attempt was made to perform a stringent statistical evaluation of the measurements. We noted regional differences of these parameters in those retinae which had been recovered as intact wholemounts. In these cases, values were lower in the periphery than in the central part, in accordance with the general organization of the fish retina. Most often, however, the retinae were broken and the central region was difficult to identify. Therefore, measurements were routinely performed on retinal slices from mid-peripheral parts, i.e. in pieces of tissue which contained neither ora serrata nor central parts.
The thickness of the total retina and of the rod outer segment (ROS) layer was determined in five different tissue blocks per retina and expressed as means. Care was taken to ensure that measurements were performed only in those areas where the outer segments were sectioned longitudinally, thus excluding bias due to oblique orientation of the sections.
The lengths of ROS were determined in two ways: (i) in 1 #m plastic radial sections and (ii) in isolated ROS, after dissociation of slices of formaldehyde-fixed retinae with papain. Retinae were incubated in 0.1 M phosphate buffer at pH 7.4 with 1 mM L-cysteine HC1 (Serva) and 20 mU/ml papain (EC 3.4.22.2 Sigma) for 2 hr at room temperature. After trituration, washing with phosphate buffer and centrifugation (12,000rpm for 1 min) the pellet was resuspended in Kaiser's glycerol gelatin (Merck). This suspension was placed on a slide, visualized with DIC optics and measured on the screen of a TV system attached. In radial sections, measurements led to an underestimation of the lengths when compared to the values obtained by dissociation of the retinae. We therefore preferred the latter method for the determination of outer segment lengths. Rod density was measured by counting the number of nuclei in the outer nuclear layer (ONL) in radial plastic sections (1/~m). Only areas were chosen, where all retinal layers were sectioned radially and ROSs longitudinally. As a rule, several strips of tissue 240-360 #m long were evaluated, adding up to a total of 1.5-2 mm in different sections of a given retina. Counts in different areas did not differ by more than 10%. For compensation of section thickness, these results were corrected according to Abercrombie (Abercrombie, 1946) 
where A * is the crude count of nuclei in the section, M the section thickness (#m) and L the average diameter (#m) of the nuclei].
PCNA immunoeytochemistry
Frozen sections (15#m) were preincubated with 0.01 M phosphate buffered saline (PBS) pH 7.4 containing 5% normal goat serum, 0.1% bovine serum albumin and 0.5% Triton X-100 (Sigma) for 30rain at RT, incubated overnight at 4deg C with human Lupus erythematodes-antiserum (Takasaki et al., 1981; 1 : 1000) . The primary antiserum was visualized by incubation for 3 hr at RT with FITC-labelled goat anti-human IgG (Sigma, 1:100). Sections were mounted in 50% glycerol in PBS containing 0.5% N-propylgallate and examined with a Zeiss Axiophot microscope.
The density of rod precursors was determined by counting the number of PCNA-ir cells per number of perikarya in the ONL in different areas of the retina. A minimum of 200 ONL cells (in most cases 400-500) was recorded per retina and the fraction of PCNA-ir cells determined. The proliferation rate was expressed as PCNA-ir cells/100 cells of ONL.
3-D reconstruction of rod myoids
We prepared serial 1/~m sections in the tangential plane stained according to Richardson (Richardson et al., 1960) of an area about 20 #m on either side of the external limiting membrane. Micrographs were taken from the same area and 20 nuclei identified the myoids of which were then followed across the external limiting membrane in order to determine whether they would connect to an inner segment in the proximity of the limiting membrane. The profiles of these 20 were transferred to drawing paper and aligned according to visual best fit criteria and subsequently reconstructed using an IBAS 2ooo (Kontron) computer system. For easier visualization, the results were redrawn schematically.
RESULTS

General organization of deep-sea fish retinae: thickness of layers and morphology of rods
The morphology of deep-sea fish retinae was studied in 1 #m stained radial sections. It is in general agreement with previous descriptions (Locket, 1977) , but since none of the species of our list (Table 1) has been studied to date, we present observations on three representative examples (Fig. 1) . As most salient feature, they all share a prominent photoreceptor layer, whilst the inner retinal layers are of much reduced width, with an inner nuclear layer consisting of 2-3 rows of perikarya, an inner plexiform layer 20-30 #m thick, and loosely scattered somata of ganglion cells. Furthermore, the pigment epithelium is narrow, with widths between 5 and 15 #m. Interestingly, processes projecting vitread between the ROS are very rare and phagosomes are not prominent. In the majority of species included in Table 1 , rods were the only type of photoreceptor found (for exceptions see Fr6hlich, Negishi & Wagner, 1995 , also marked with "c" following the species name in Table 1 ). With regard to the organization of rods, two broad groups of species were distinguished (for individual measurements see Table 1 ). In the first group, represented by Xenodermiehthys campei, rods were of considerable length (50-90/~m), and arranged in one or two banks only [ Fig. l(a) ]; typically, they were slender with diametres not exceeding 3/~m. Alternatively, rods had shorter outer segments, between 20 and 30#m long, with diameters greater than 3#m [ Fig. l(b) , Nezumia aequalis]. In species of this group, rods were usually stacked in 445 tiers. The two major groups with long and short rods can be further recognized by analysing the width of the outer nuclear layer. Those with one or two banks of long outer segments had two or three rows of nuclei, while species with multilayered ROS also had multilayered cell bodies in the outer nuclear layer (Fig. 1) . A diagrammatic representation of the distribution of ROS lengths across all species investigated shows a biphasic pattern with a clear peak at 20-30/~m length for the short rods and another around 75#m for the long rods. There is, however, a broad zone of overlap between 30-60/~m of outer segment length (Fig. 2) .
In three of the most abundant species, enough specimens of different size could be collected to allow a more systematic study of retinal growth. As parameters, we measured the total width of the retina, and the proportion of the retinae occupied by the rod inner and outer segments; furthermore, we determined rod densities [ Fig. 3(a), (b) ]. In all three species, there seems to be a general increase of retinal thickness up to a length of about 20-30 cm, after which size the total width does no longer change significantly. The total retinal width in the two macrourids (Coryphaenoides guentheri and Nematonurus armatus) is at least 250 #m, and thus markedly higher than in Synaphobranchus kaupi with no more than 200/~m. While in N. armatus and S. kaupi, the relative width of the ROS layer takes ROD PROLIFERATION tN DEEP-SEA FISH RETINAE 1803 about 60% of the total retina, and remains essentially constant with increasing age (length), there is a clear increase from about 50-,'0% in C. guentheri which seems to occur mainly at the expense of the width of the neural retina.
Figure 3(b) shows the number of rod photoreceptors as determined by counts of perikarya in the outer nuclear layer in 1/~m radial sections. The highest density is found again in the two macrourids, with 150 and more rods per 1 mm strip of section, whereas S. kaupi has about half as many (about 100). With regard to the proliferation rate, there is slight decrease with age in C. guentheri and N. armat~'~s with a persistent activity of about 15%. By contrasL, in S. kaupi, there is a sharp decline of rod proliferation around 20 cm of length; later on it levels off completely.
Rod proliferation: patterns, rates and correlation with outer segment length
Proliferating cells were identified by their immunoreactivity with anti-PCNA antiserum. We investigated 37 species of deep-sea fishes and one additional teleost species living in shallow fresh water (control). In young or adult controls, intense staining with anti-PCNA antiserum was essentially restricted to the retinal margin. In more central regions of the retina, staining was restricted to occasional cells which were tentatively identified as rod precursors [ Fig. 4(a), (c) ; Johns & Fernald, 1981; Negishi et al., 1982] .
In deep-sea fishes, considerable PCNA-immunoreactivity was observed in both the peripheral and the central retina [ Fig. 4(d) ]. Two patterns of PCNA immunoreactivity could be distinguished: in 15 species, PCNA-ir cells were arranged as a single band (monolayer) located vitread of the external limiting membrane (Fig. 5) . This fluorescent band of cells was only rarely interrupted by unlabelled cells. Nuclei in other parts of the outer nuclear layer were only rarely labelled. Thus, in this group of fishes, rod proliferation was restricted to the zone immediately next to the external limiting membrane. In the other group of species, disseminated clusters of immunoreactive cells were observed throughout the entire width of the outer nuclear layer (Fig. 6 ). These clusters were not distributed homogeneously within the outer nuclear layer, but regions with high immunoreactivity alternated with regions without any labelling ( Fig. 6) . Consequently, in this second group of fishes, the cells next to the outer limiting membrane consist of a mixture of young and old cells. We also noticed occasional PCNA-ir cells in the inner nuclear layer. Their localization showed no obvious relationship to the arrangement of rod precursors in the outer nuclear layer, especially in species with disseminated clusters of PCNA-ir cells (Figs 6 and 7) . The identity of these cells could, however, not be established, and therefore we cannot decide whether they are precursors of rods or other retinal neurons. Figure 2 demonstrates that it was possible to correlate the two populations of deep-sea fish species having long or short rods with the two groups having the two different patterns of PCNA immunoreactivity. In most cases, species with short and multilayered rods had a monolayered proliferation pattern, whereas species with long rods and few banks typically had disseminated clusters of mitotically active cells (see Table 1 ).
A comparison of specimens of different size demonstrates that age-related proliferation rates of rods differ considerably between different species [Figs 3(b) and 7]. S. kaupi belongs to the second group with disseminated rod precursors. The density of PCNA-ir cells is highest in the smallest specimens, with almost 30 PCNA-ir cells/100 rod nuclei, and decreases considerably towards the adult stages [Figs 7 and 3(b) ]. The drop in mitotic activity is not linear but has a very steep phase until the length of 20 cm (about five labelled cells/100), after which it seems to level off asymptotically. In this species, the proliferation rate resembles greatly that of surface-living fishes (Johns, 1977; Johns & Fernald, 1981) . On the other hand, in N. armatus and C. guentheri, the initial rate of proliferation of about 25 PCNA-ir cells/100 rod nuclei was only reduced by about 25% to a level of 17 labelled cells/100 in adult specimens (Fig. 2) . No clear pattern of decreased labeling was observed in these two species.
Integration of newly synthesized rods into the retina
In an attempt to study how newly formed rods are integrated into the existing population of outer segments we used both radial and tangential 1/~m sections. Briefly, we wanted to decide whether young rods originating just vitread to the external limiting membrane had short myoids and inner and outer segments directly sclerad of the limiting membrane. In this case, young rod nuclei would displace the older ones towards the outer plexiform layer, and young outer segments would push the older ones towards the pigment epithelium (Fig. 8,  left) . Alternatively, if no such pattern could be observed, a mixed population of old and young rods would coexist in each of the rod banks.
In the radial plane, it turned out to be very difficult to unequivocally follow the course of a given myoid, since, too often, they left the plane of a single section. Therefore we turned to serial sections and examined two species in this way (see Materials and Methods for details). As an example of fish with monolayered pattern, we chose C. guentheri, while for the disseminated patterns, we used S. kaupi. The results of C. guentheri are demonstrated in Fig. 8 . Of the 20 rods reconstructed in this species, 16 (80%) had short myoids and inner segments immediately outside the external limiting membrane. In two other cases, the beginning of the inner segment could not be established beyond doubt and in the last two rods the myoid was so long that it ended outside the range of our reconstruction suggesting that the inner and outer segments attached belonged to a more sclerad tier. In S. kaupi, 12 rods out of 20 of the nuclei located vitread to the external limiting membrane had short and thick myoids and inner segments just across the membrane, whereas eight of these nuclei showed long and thin myoids which could not be followed up to the inner and outer segments. Since, unlike in C. guentheri, the population of perikarya neighbouring the external limiting membrane in S. kaupi consists not only of proliferating but also of mature cells (which could not be distinguished in the plastic sections) it follows that no obvious pattern of integration of young and old rods is present in this species.
In conclusion, these observations suggest that in fish with monolayered proliferation pattern, there is a precise temporal and spatial pattern of rod proliferation and bank formation as indicated in the diagram shown in the left hand panel of Fig. 8 , whereas in species with disseminated rod precursors, no predetermined pattern of integration is present.
DISCUSSION
Investigations of the retinae of deep demersal fish populations is subject to a number of methodical limitations. In the first place, the specimens sampled are determined by the method of trawling and the kind of net used (Gage & Tyler, 1992) . This bears on the diversity of species as well as on the size of the specimens caught. Since no systematic study of the development of these fishes exists, it is impossible to have a reliable estimate of the age of the fishes sampled. For our investigations of retinal growth we therefore had to rely on total body length in order to relate it to the various retinal parameters. Another problem is due to the fact that it takes several hours to bring the fish from the sea floor to the ship's laboratory and that during this time, an enormous difference in hydrostatic pressure has to be overcome. Consequently, the majority of fish were dead or moribund when brought to the surface. For this reason, experiments with live material including the use of labelled thymidine or bromodeoxyuridine for the study of rod proliferation is all but impossible. However, Triton X-100 introduced during the incubation procedure preserves the bound PCNA molecules during the S-phase, exclusively and extracts soluble PCNA during the other phases of the cell cycle (Sasaki, Kurose, Ishida & Matsuta, 1994) . The resulting immunocytochemical staining patterns are therefore identical to patterns of labelling after bromodeoxyuridine or [3H]thymidine incorporation. Furthermore, the general preservation of the tissue is not as reliably good as in surface fish caught alive. Tissues where several immunocytochemical markers turned out to be non-reactive were discarded. In the present material, we noted differences in the intensity of the FITC signal, which we attributed to the state of preservation; however, all tissues reacted positively with the anti-PCNA antiserum. In some cases, the state of fixation was adequate enough to warrant fine-or even ultrastructural examination. In spite of these difficulties, we feel that the material collected and presented here provides reliable, novel and exciting insights into the adaptations of the retina to the photic environment of the deep-sea floor.
In the present investigation we have studied the general retinal morphology as well as the patterns of rod proliferation in a large sample of deep demersal fish species. The visual system of this population of fishes has not been studied before. Their eyes were generally large suggesting that vision plays a major role in their behaviour. The overall morphology of the retinae was similar to that of many mesopelagic fishes studied previously, especially by Munk (1966) and Locket (1977) . This concerns above all the prominent differentiation of the photoreceptor layer, composed exclusively of rods (except for Scyliorhinus leviatus, Dalatias licha, and Lepidion eques with some cones, Fr6hlich et al., 1995) and the reduction of the components of the neural retina. However, probably due to the large number of species considered here, we were able to detect patterns both in the morphological organization and in the proliferation of rods which have not been noted before in the retinae of deep-sea fish. Briefly, based on these two parameters, two large groups could be distinguished. In the first one, rods were mostly not longer than 30 #m, arranged in regular stacks of three and more layers, and originated from a band of proliferating cells situated immediately vitread of the external limiting membrane. In the second one, rods were considerably longer, i.e. ONL, outer nuclear layer; R, rods. Scale bar: 50 #m.
70-80 #m and formed either a single or a double layer, their precursor cells were scattered singly or in clusters throughout the outer nuclear layer. The two groups defined in this way showed some overlap in the region between 30 and 60 #m of ROS length. Among the 37 species studied, the two populations were of about equal size. This may be taken to indicate that, in deep demersal fish with visually oriented behaviour, two apparently equally successful adaptational strategies have been adopted for optimizing the reception of light quanta emitted by bioluminescent organisms. Contrary to the situation in surface-living fishes deep demersal species devote between 50 and 70% of their retinal width to the accommodation of ROS. In the three species, in which the growth of the retina could be followed more closely, we found indications for increased thickening of the retina up to 20 or 30 cm of body length, and of rather constant width thereafter. Interestingly, in C. guentheri, the width of the ROS layer continued to expand at the expense of the thickness of the neural retina.
We did not observe any clear indications for a stepwise increase in retinal thickness, as might be expected as a result of the increase in the number of banks of ROS. Rather, the growth patterns observed are compatible with a gradual stretching and alignment of the rods within the individual layers. In this context it is noteworthy that we observed regular tiers of rods proximally more often than in the distal layers. While we cannot rule out sectioning artefacts due to the fact that the distal rods may leave the plane of section more easily, it is also possible that this observation reflects the fact that distal rods are arranged less orderly and/or are in the process of forming an additional layer.
In addition to the development of the thickness of the overall retina and of the photoreceptor layer, the growth related changes in the density of rods and of rod precursor cells may give important information on the specific developmental strategy of a given species. In the case of the deep-sea eel S. kaupi, the most salient observation in this respect is the sharp decline in proliferation activity during the first stages of growth, between 10 and 20 cm and the very low levels sustained at greater lengths. This pattern of growth/age-related proliferation activity is strongly reminiscent of what is found in most surface-dwelling fish species (Johns, 1977; Johns & Fernald, 1981; Negishi et al., 1982) . At the same time, the density of rods expressed as number of nuclei per l mm length of outer nuclear layer remains essentially constant in S. kaupi. In the two macrourid species, the rod density shows an initial slight increase before becoming stable. This is accompanied, however, by a substantial degree of rod proliferation activity.
Taken together, these observations suggest that, in the deep-sea eel, a stable population of rods seems to be reached at bodylengths over 20cm. Any increase in retinal thickness would then have to be attributed to an increase in the length of ROS. Alternatively, the two layers of rods could interdigitate initially and gradually separate with age, and thus account for the greater width of the photoreeeptor layer. In the two rattail species (C. guentheri, N. armatus ) the situation appears to be more complex. In spite of a considerable proliferation activity of rod precursor cells there is no sign of an increase in rod density; rather, there is a slight contrary trend to a density decrease. This is further accompanied by a stabilization or even a decrease of retinal width. These processes may be explained by several possible mechanisms: (i) individual ROS may become shorter, the loss in length being compensated by the addition of new rod layers, (ii) since proliferation does not lead to increased rod densities, some rods may be eliminated by apoptosis and (iii) obviously, there are different dynamics of the eye growth in these species. Starting at similar diameters at small (young) stages, the eyes of the rattails grow more than twice as much as those of the deep-sea eel at the same body length stages (data not shown).
We have also tried to elucidate how, during differentiation, newly formed ROS are integrated into the existing banks of rods of deep-sea fish retinae. In the retinae of shallow water fishes such a problem appears negligible since the rod density, in general, is not high enough to "necessitate" accommodation in distinct layers. In the present material, on the other hand, rods are arranged in multiple banks. Morphologically no obvious difference is found between the rod inner and outer segments of the individual layers. Functionally, on the other hand, a heterogeneity between the layers may i, ~ -result from the fact that the innermost ones are closer to the incoming light than those at the back of the eye. It could be speculated, for instance, that such differences could involve the density or the reactivity of the visual pigment. These factors might be affected by the age of the pigment molecules, which, in turn would be reflected by the site of insertion of the newly formed outer segments. In this context, Locket (1980) had proposed that the youngest rod inner and outer segments are added directly outside the external limiting membrane thus displacing the older ones towards the pigment epithelium. This idea has been fully corroborated by the present results of serial section reconstruction in species with a monolayered zone of proliferation activity (Fig. 8) . ERG recordings in the conger eel, a cave dwelling teleost of the coastal zone with a mixed rod/cone retina and rods arranged in multiple banks, also support this argument, yet go even further (Shapley & Gordon, 1980) . These authors have interpreted their data as indicating that the rod electrical activity originated exclusively in the innermost layers of rods and that, consequently the other layers do no longer contribute to visual transduction. While our own data favour a special role for the most vitread rods they give no indication of the other layers being devoid of function. Furthermore, since we have found a second mechanism of rod proliferation and insertion into the layer of outer segments, there may be additional mechanisms for rod function in multiple bank retinae to that proposed by Shapley and Gordon (1980) .
In order to fully understand the function of the individual layers of rod inner and outer segments in multiple bank retinae more information is needed concerning the turnover of outer segments in general and of the visual pigment molecules in particular. Locket (1977) and Munk (1966) have already drawn attention to the fact that, in most deep-sea fishes the pigment epithelium forms a narrow layer of cells with only very few vitread processes projecting between the outer segments. Consequently the vast majority of rods is not in direct contact with the pigment epithelium. It is therefore hard to see how processes such as disk shedding, and phagocytosis of the apical portions of ROS, which indicate active outer segment renewal in other vertebrate retinae (O'Day & Young, 1978) , might take place in multiple bank deep-sea fish retinae. Cursory inspection of the pigment epithelium (Fig. 1) would suggest that the number of phagosomes, is indeed lower than in the retinae of shallow water species. Could it therefore be that, instead of disposing of their outer segment material by phagocytosis in the retinal pigment epithelium, deep-sea fish with short outer segments, multiple banks of rods and a monolayered zone of PCNA immunoreactivity displace the aged rods towards the sclera in order to make room for the newly formed outer segments and visual pigments? And what would be the alternative mechanism(s) for those species with the long ROS and the disseminated proliferation pattern? Clearly, it would be highly desirable to be able to work with live retinae in order to experimentally approach these questions.
In conclusion, we haw~ found evidence for two different principles for the organization of rods in deep-sea fish retinae. In the first population represented by Nematonurus armatus and Coryphaenoides guentheri we found rods to be rather short and arranged in three and more banks. In these species rod proliferation showed a high degree of spatial and temporal order resulting in an insertion mode where young rods are added just sclerad of the external limiting :membrane and the older outer segments pushed away from the incoming light towards the back of the eye. It may be speculated that this is linked to a progressive loss of function of the older rods and represents an alternative mechanism to the disk shedding in other vertebrate retinae. In the second population (e.g. Synaphobranchus kaupi) we observed considerably longer ROS forming no more than two layers. These retinae had rod precursors arranged in disseminated clusters throughout the outer nuclear layer indicating the lack of clear spatio-temporal order in mitotic activity along with a more statistical pattern of integration of the newly formed outer segments. In our sample of species from the Porcupine Seabight and the Gobal Spur, both populations were of about equal size suggesting that the two mechanisms are equally effective and may have arisen independently.
